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Polydiacetylenes: The Best Defined Nonlinear Optical Polymers

Daniel J. Sandman
GTE Laboratories Incorporated
40 Sylvan Road
Waltham, MA 02254

Polydiacetylenes (PDA) are nonlinear optical polymers (NLOP) whose main
chain involves completely conjugated segments manifested by intense
visible absorption. The orientation of PDA is assured by their synthesis
involving topochemical and topotactic solid state polymerizations of
monomer crystals resulting in macroscopic fully crystalline experimental
samples. As researchers deduced by degenerate four wave mixing studies on
single crystal waveguide samples, PDA have the largest value of the
degenerate third order susceptibility X(3) of any material in the
transparent spectral region where the temporal response is in the
femtosecond regime. The crystal structure-linear spectrum relationship
for PDA is a sensitive function of the local crystal packing environment
and is critical to enhancing the magnitude of X(3) in NLOP in general.



NEW THIRD-ORDER NONLINEAR OPTICAL POLYMERS: DESIGN, SYNTHESIS,
AND CHARACTERIZATION BY DEGENERATE FOUR-WAVE MIXING*

samson A, Jenekhe and W.C. Chen

Department of Chemical Engineering
University of Rochester
Rochester, NY 14627

S.K. Lo and D.J. Rogers
Honeywell System and Research Center
Minneapolis, MN 55418

S.R. Flom
Department of Chemistry
University of Minnesota

Minneapolis, MN 55455

ABSTRACT

: 3 : : i e
Third-order (x( )) nonlinear optical processes in materials are of
interest for optical switching and bistable optical devices. Conjugated
polymers have been shown to exhibit the largest known nonresonant third-

order nonlinear optical susceptibility (x(3)) values. In an attempt to
understand the structure-nonlinear optical property relationship in
conjugated polymers and to maximize their nonlinear optical properties, we
have designed and prepared a series of structurally diverse but related
heteroaromatic polymers and measured their third-order nonlinear optical
properties wusing picosecond and nanosecond degenerate four-wave mixing
experiments. Our results show that the third-order nonlinear optical

properties (y and x(B}) of the new polymers are larger than those of
previously reported conjugated polymers by orders of magnitude.

*This. research was partly funded by Naval Air Development Center (NADC)
under contract no. N62269-87-C-0261.




Measurement of the Third-order Nonlinearity of an Organometallic
Polymer in Thin Film and Solution Forms

§.Guha, C.C. Frazier, W.P. Chen, P. Porter and K. Kang
Martin Marietta Laboratories
1450 South Rolling Road
Baltimore, Marviand 21227

Transition metal-organic polymers are expected to possess large values of
third-order hyperpolarizability because of the presence of extended M electron
delocalization along long conjugated chains and also because of the interactions of
the d orbitals of the transition metals with the organic <m electrons, which
provide an additional delocalized electronic system within the polymer chain.
Measurements of these polymers in solution form have shown that the values of the
third-order hyperpolarizability are indeed large.

For implementation of nonlinear materials in optical devices and full
utilization of their large hyperpolarizabilities, the materials must generally
be in the form of bulk crystals or thin films. We report here the measurement of
the third-order nonlinear susceptibility(y')of a transition metal-organic polymer in
a dilute solution and as a thin film. Botn the real and the imaginary parts of j
were determined using the optical Kerr effect and intensity-dependent transmission
using picosecond lasers. The nonlinear absorption coefficient of the polymer
measured at visible wavelengths was large, making the material suitable for power
limiting and sensor protection applications. We also will report on the measurement
of the damage threshold of the polymer.







emulsion. This laser beam passes through the holographic emulsion and is reflected by a mirror.
This reflected beam now interferes with the incoming beam to set up a standing wave paucrr_lm in
the holographic emulsion. This standing wave pattern produces a set of interference fringes.

Where constructive interference occurs within the material, a greater amount of energy is
deposited, and
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Figure 1. Standing Wave Holographic Recording (Normal Incidence)




where destructive interference occurs virtually no energy is deposited. Those planes with
maximum deposition of energy (constructive interference) cause changes in the index of refraction
of the material, thus creating scattering Bragg planes.

Recall that for interference structures the distance between successive Bragg planes is given by

A, =A[2=),[2n (1)

where JJASthe wavelength of the laser radiation in the holographic emulsion, while A, is the free
space wavelength and n is the retractive index of the holographic recording medium, typically
n =1.50. Simple calculation shows that the number of holographic reflection planes in an emulsion
20um thick for A,=0.53um is approximately 110.

Physical Optics Corporation has shown that these holographic filters are remarkable structures
capable of having absolute reflectives in excess of 99.9%, optical densities in excess of 6,
extremely small absorption, laser damage thresholds of a few GW/cm?, and bandwidths typically
from 10nm to greater than 500nm. The only shortcoming that fixed wavelength filters of this type
have is that as the number of threat wavelengths in the visible portion of the spectrum increase and
become frequency agile (i.e., tunable), the ability to superimpose many such fixed wavelength
filters degrades the photoptic efficiency to such an extent that the laser protection becomes
ineffective. However, it is clear that one would like to build in the major benefits of the Bragg
structure for tunable protection devices if at all possible.

2.2 Self-Induced Bragg Reflection Structures

In analogy to Figure 1., the structure that suggests itself for an agile laser filter is shown in Figure
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Figure 2. Self Induced Bragg Reflection Shield (SIBARS)






B=2k
EQC (S)

where ¢ = speed of light €,=8.85x 1012 f/m
Thus, we may rewrite equation (4) as:

max_ EC
¢ 4nkKl, 6)

We wish to evaluate equation (6) for typical Kerr materials to determine the feasibility of the POC
SIBARS concept. We begin by rewriting equation (6) as follows:

EC
4TIKId (7)

d =

In equation (7), £, represents the damage flux level and £, is the slab thickness required to reduce
the incident flux to a level no higher than I4. Consider the case for a pulsed laser with a 10ns

pulse and a damage level to the slab of 10J/cm? per pulse, and a material such as nirobenzene
(K=2.44x10-12m/v2),14 =10'3w/m2. For this case equation (7) predicts that the slab must be
8.7um thick, a reasonable value. Note that we have not considered transient effects or the
response time of the nitrobenzene in this analysis. Also, we have simply used damage levels
which correspond roughly to the damage levels of coatings which may be used in the device.

The performance of the SIBARS can be improved substantially if the nitrobenzene is replaced with
a high Kerr coefficient crystal. For crystals such as BaTiO3, KTaO3 or KH2PO4(KDP), the

electro-optic tensor Sij is usually specified, rather than the Kerr coefficient. Roughly speaking,
however, they are related by:

n’ (8)
Then equation (7) may be cast into the form

X E.cA
g 4“"357 d (9)

As Sij is a tensor, its value depends on the orientation of the crystal in the slab and the polarization
of the incident radiation. For simplicity we have dropped the tensor subscripts ij in equations (8)
and (9) since we are only interested in order of magnitude performance estimates at this time. If

we use A =0.5um, S=10-14m2/v2 and n=2.4 (BaT;03), equation (9) yields:

760
{=—
e (MKS units) (10)
Consider the case of protecting a TH7863 CCD array manufactured by Thomson Electronics. This

is a high performance array of 384x576 pixels which has a saturation exposure of (.18 ul/em?.

10




For a clocking cycle of 10hz, this corresponds to a saturation intensity of 1.8 x 10-2w/m2. The
SIBARS can be used to best advantage for this application in its focusing mode shown in Figure 3.

> >
Output
Input >/ Radiation
Radiation ™
— - =

Figure 3 Focused Beam SIBARS Geometry

Assume a 10cm diameter input lens and a focused beam diameter in the SIBARS of 10um. The
intensity within SIBARS is then given by

Io = (0.1m/10-3m)2x1.8x10-2w/m? (11)
=1.8x106w/m?

If we use this intensity in place of 14 in equation (10), we find that the BaTiO3 slab must be

420um thick. As a check on self consistency, we must verify that the assumed beam diameter of
10pm can be maintained within the entire length of the 420um thick slab. The Rayleigh length Ig
for a focused beam of diameter d is given by

3 nd*
7 4 (12)

£

For the case d = 10um and A =0.5um, equation (11) predicts lg = 630um. The beam can thus
maintain its 10pum spot size throughout the thickness of the slab as required in this example.

Although it is probably only necessary to protect sensors from damage and not saturation, we have
considered the above example to demonstrate the options possible with the SIBARS configuration.

3. COHERENTLY COUPLED HOLOGRAP HIC ETALONS

A relatively simple yet powerful technique for high resolution spectroscopy, narrow band filtering,
or coherence filtering is based on the properties of the Fabry-Perot (FP) etalon. This device consists
of a couple parallel highly reflective surfaces which can transmit a high fraction of incident
radiation at certain periodic frequencies. At these frequencies a large fraction of the light that
would ordinarily be reflected by each surface interact coherently and thus most of the radiation can
be transmitted through the device.
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Figure 4. Coherently Coupled Tunable Holographic Etalon

The typical transmission versus frequency curve of a FP cavity is shown in Figure 5.

< Av >|

Figure. 5 Typical Fabry-Perot Characteristics

One can observe that for £, = 1 um, A\ =80nm. Only holographic etalons constructed in the
manner outlined above can achieve such a broad free spectral range. This makes such devices
interesting technology to use as countermeasures against frequency-agile tunable lasers.

The advantages of coherently coupled etalons when compared to classical FP etalons are:

I, The ability to use inexpensive optical substates,
45 Small cavity lengths result in large free spectral ranges and therefore high photoptic
efficiencies.
13







There are predictions that the nonlinear optical susceptibilities of organic systems are
affected by the degree of m-electron conjugation. For X(2), ample experimental evidenceZ
supports this contention. For X(3), fewer data exist. Because X(3) affects self-focusing, and
because in the absence of extrinsic impurities self-focusing is a dominant mechanism for laser
damage in many transparent materials, we tested the extent to which the damage threshold in
some organic materials is affected by the degree of conjugation.

EXPERIMENTS

Three model compounds were chosen for this test: two monomers and one polymer.
We report first on the nematic monomers and then on the cholesteric polymer. One
monomeric, n-electron-rich compound was 4-octyl-cyanobiphenyl, which is a liquid crystal
with a nematic mesophase at room temperature. Its saturated counterpart, 4-octyl-
cyanobicyclohexyl, was also tested.

Fully Saturated Electron System Raises 1053-nm Damage
Threshold in Liquid Crystals

Damage Threshold Comparison of Two Model Compounds
(800-ps pulse length, 100-um path length, 5-mm spot size, linear polarization)

Compound K-15 ZLI-1185
Structure CH4~(CH,),<O~O)-CN | CH4-(CH,), < )< )-CN
Mesophase nematic (22°C) nematic (62°C)
1-on-1 (J/em?) 9.6+2.4 >16.6

N-on-1 (J/cm?2) 5.4+1.3 14.610.5

® Liquid crystals unaligned; alignment layers usually lower threshold

*for given spot size, transport optics damage at 20 Jiem?

G2247

Fig. 1 A comparison between a highly conjugated and an equivalent highly saturated
liquid-crystal system shows that the laser polarizability of the saturated system
rises the near-IR laser damage threshold.
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IH,C — i — (CHy), — 0—~(O)— CO0—Chol] ,
0

l

Chol stands here for cholesterol; m is usually 4 or 5. The cholesterol functional group with its
alkyl tail introduces chirality into the polymer, offering interesting optical properties. Among
them is the coupling between the molecular helix and the proper-handed, circularly polarized
light of a wavelength A that matches the pitch of the helix. By varying the pitch of the chiral

structure, tuned optical devices can be prepared.d One method for varying the pitch of a chiral
nematic polymer is to prepare a variable-weight copolymer of the design

HsC —'_;E—- (CHy)y— 0 —~0)—C00 —@—@

- x
+

H,C— s(I; — (CHy),— 0—~(O)— CO0— Chol

=i

in which the density x of interleaved copolymer pendants determines the degree of pitch
dilation along the backbone direction. By virtue of the m-electron distribution in the
copolymer, changing this density means increasing or decreasing the nonlinear optical
susceptibility of the total system in accordance with copolymer content. Testing the damage
threshold of chiral copolymer samples tuned to different (nonresonant with regard to the
1053-nm incident wavelength) wavelengths provides further corroboration for the postulated

link between X(3) and the degree of conjugation.
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D.V.G.L.N. Rao

A. Shere

Self-focusing in Polymers

Physics Department,
University of Massachusetts at Boston

Department of Polymer Science,
University of Massachusetts at Amherst

Abstract

Self-focusing of light is an interesting third order nonlinear effect
which results from wavefront distortion of a single mode laser beam
with a gaussian transverse profile, propagating in a nonlinear medium
with index of refraction n = ng + n3E?. ng is the field independent
index and E is the electric field of the optical wave. The nonlinear
coefficient n; contains both electronic as well as nuclear orientation
contributions. The intensity of the optical field is a maximum along
the axis of propagation and hence the field=induced index is also a
maximum at the center and falls off at the edges. As a result the
central part of the beam slows down relative to the edges and the in-
cident plane wave front becomes progressively concave in the direction
of propagation creating a converging lens effect. Self-focusing is often
responsible for optical damage in transparent materials and hence is
an important consideration in the design of laser optical systems. In
highly nonlinear materials it can occur at relatively low powers. Poly-
meric materials are currently receiving a lot of attention in nonlinear
optical experiments for possible device applications. We describe ex-
perimental investigations on what we believe to be the first direct
observation of self-focusing in polymers. Interesting results are ob-
tained in n-Hexane solutions of the polymer Poly (di-n-Hexyl silane).
Our results indicate that values of the nonlinear coefficient ny of the
polymer solutions are about the same order or better than a strongly
self-focusing liquid like CS,. Detailed experimental results and the
applications of the technique as a probe for the study of polymers will
be presented and discussed.
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Side-Chain Stilbazolium Polyether Synthesis and Langmuir-Blodgett Film
Fabrication for Optical Second Harmonic Generation

J. M. Hoover, R. A. Henry, J. W. Fischer and G. A. Lindsay
Chemistry Division, Research Department
Naval Weapons Center, China Lake, CA 93555-6001

B. L. Anderson, B. G. Higgins, P. Stroeve and S. T. Kowel
Organized Research Program on Polymeric Ultrathin Film Systems
University of California, Davis, CA 95616

ABSTRACT

Side-chain polymers comprised of hydrophilic backbones and hydrophobic
pendent groups were synthesized by substitution reactions on the chloromethyl
groups of poly(epichlorohydrin). The side chains were stilbazolium chromo-
phores attached to aliphatic tails. Multilayer, noncentrosymmetric films were
deposited on glass slides by Langmuir-Blodgett processing (vertical dipping).
Optical absorption shifts and second harmonic generation (SHG) as a function of
film thickness and geometry were observed.

INTRODUCTION

New nonlincar optical polymers (NLOP) are under development in many
laboratories because they offer properties superior to traditional single crystals
in both performance and processability. Device scenarios are being proposed
which make use of nonlinear optical materials for eye protection against lasers.
However, materials development at this point is lagging behind requirements of
the device engineers.

Langmuir-Blodgett (LB) processing technology has long been known as a
laboratory technique for depositing ultrathin organic films in wvery precise

arrangements.!  Recent reports on depositing noncentrosymmetric multilayer LB
films comprised of amphiphilic chromophores, we believe, will lead to the

development of new, useful nonlinear optical materials.24 However, thesc
nonpolymeric films are rather fragile. Our effort and that of others have extended
this work to polymeric nonlinear optical films prepared by LB deposition which

are more robust.5-?

23




Stilbazolium chromophores are attractive due to their large second-order
polarizabilities.  This paper will describe our recent attempts to develop NLOPs
based on the stilbazolium chromophores (SZC) attached as side groups pendent to a
polyether backbone, and fabricated into noncentrosymmetric films by the LB
technique.  Our group has synthesized SZC-substituted polyethers (SZP) with
different degrees of SZC on the polymer repeat units.5:8 The noncentrosymmetric
films are formed by one of two techniques: interleaving the SZP with an inert
layer (having a low dipole moment, such as a fatty acid) or by forming ABAB . . .
bilayers of two different SZPs with their donor-acceptor groups in the opposite

sense 1o each other, in both cases using Y-type deposition.? .

Our earlier studies involved alkoxy-substituted SZCs which absorb near 395
nm.5:8  More recently, we have prepared aminc-substituted SZCs, which absorb

near 485 nm, and have a 100-fold stronger SHG per monolayer.!0 Figure 1 shows
the SZP we report here and a hemicyanine dye, trans-4'-dimethylamino-n-docosyl

stilbazolium bromide, which has been studied extensively.2.3.10.11

7%

CH, CoHas ‘
N No N NG |
i
: : |
\
HsC,” CmHa? HaC” ‘CHa
A B "

Figure 1. (A) Chemical structure of stilbazolium-PECH

(polyepichlorohydrin); (B) Chemical structure of the

hemicyanine dye trans-4'-dimethylamino-n-docosyl .
stilbazolium bromide.
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Figure 2. Variations of Amax with the number of interleaved
stilbazolium-PECH layers.

In multilayers, as shown in Figure 2, the absorption peak shifts to the red
as the number of layers increases to about seven, then shifts to the blue again.
This behavior has not yet been explained.

As one might suspect, the SHG signal for these films also depends on the
deposition pressure. Since the second harmonic at 532 nm lies in the shoulder of
the absorption peak, as the absorption envelope shifts one way or the other, the
SHG will increase or decreasc due to the variation in resonance enhancement.

The SHG for multilayers is shown in Figure 3. The increase in SHG with
number of layers is roughly quadratic until the one reaches about ten layers,
then it becomes more of a linear increase. In Figure 3, films with 10 dye layers or
less and two of the films with 15 dye layers were interleaved with one layer of
behenic acid. Films with 20 and 25 dye layers and one of the 15 dye layer films
were also interleaved with one layer of behenic acid except that after each fifth
dye layer, three layers of behenic acid were deposited.

26




20
|
2 ] quadratic fit
= 15 . i
5 ) (5 layer basis) o
=By .
4 b TSRl
—~ £ .
v 67 O
o 10 4
= E R
b
=
§ r
v S:
: 23.3°C
0" T T T T T
0 5 10 15 20 25 30

Number of Polymer-Acid Bilayers

Figure 3. Data points arc the normalized SHG enhancement
for a multilayer LB film of stilbazolium-PECH interleaved with
behenic acid. 1 is the measured film SHG intensity and Is5 is
the intensity of the SHG from a 5-dye layer film. The dye was
deposited on the upstroke at a surface pressure of 35 mN/m
and the behenic acid was deposited on the downstroke at a
surface pressure of 27 mN/m. -

The data points in Figure 3 were normalized with the fifth dye layer thick-
ness as the basis. We did this because the first dye layer is thought to be unduly
influenced by the subsirate. The reason for the lack of quadratic bchavior
beyond ten dye layers is unclear, but one might speculate that they are less well
ordered than the films in the first ten layers. Behenic acid is perhaps too mobile.
A better choice for interleaving would be an inert polymer, such as poly(methyl
methacrylate) (PMMA).

The peak absorption increased linearly, as shown in Figure 4, with the
number of dyc layers deposited, and the deposition ratio for SZP was 0.98 £ 0.03
and 0.92 £ 0.03 for behenic acid. This indicates that full and reproducible cover-

age was achieved. The deviation for the 20- and 25-layer films may indicate a less
ordered stilbazolium alignment.
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Figure 4. Absorbance at a wavelength of 532 nm, As33,
relative to that at 650 nm, Agsg, as a function of the
number of stilbazolium-PECH layers interleaved with
behenic acid. The solid line indicates a linear increase in
absorbance based on the absorbance of a dye monolayer.
The error in measured absorbance is less than 5%.

By changing the number of interleaved behenic acid layers between the
dye layers, one may be able to measure the effect of the local fields of one dye
layer on the adjacent dye layers. Figure 5 shows the absorbance of five SZP layers
interlecaved with one, three, five and nine layers of behenic acid. Surprisingly,
the absorbance decreased for the case of five and nine layers of interleaved
behenic acid. Furthermore, the SHG also decreased as the number of interleaved
behenic acid layers increased. These results are unexplained.
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Figure 5. The effect of the number of behenic acid spacer
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layers. The top curve is the maximum absorption, Amax, minus
the absorption at 650 nm, Agsg. The bottom curve is the
absorbance at 532 nm, As32, minus that at 650 nm. The error
in absorbance data is less than 5%.
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ABSTRACT

Polymer-bound dyes have proven to be superior to guest-host polymer-dyc
mixtures as materials for optical second harmonic generation (SHG) in terms of
long-term retention of nonlinearity. New comb-shaped polymers were prepared,
comprised of a varicty of side chains, such as azo, azomethine, and coumarin; and
a variety of main chains, such as, poly(methyl methacrylate), poly(styrene), and
poly(t-butyl styrene). The glass transition temperatures (Tg) of the purified
copolymers ranged from 80 to 130°C. Above the Tg, thin films were exposed to a
strong electric field at the onset of corona discharge in air, and then cooled 1o
room temperaturc under the electric field. In the absence of an applied electric
field, at room temperature, the second order nonlinear optical properties (NLOP)
of these films are quite stable with time.

INTRODUCTION

The fast optical response time (femtoseconds), the ease of processability,
the ruggedness, and the high nonlinearity of polymeric chromophores make
them attractive candidates for eye protection devices. Our ultimate goal is to
fabricate a shield which would gencrate and filter out the second harmonic of a
visible laser pulse, thercby limiting the power of transmitted light.  This paper
reviews our first attempts to synthesize NLOPs by electric-field poling, and 1o
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mecasure their ability to double the frequency of a Nd:YAG laser.!»2 We are also
preparing NLOP by Langmuir-Blodgett (LB) processing techniques.3

EXPERIMENTAL PROCEDURES

Polymer-dye compositions were synthesized by copolymerizing monomeric
new chromophores with conventional vinyl monomers, and by attaching
chromophores to preformed polymer backbones. The former case is limited to
monomers that will not interfere with the polymer propagation mechanism.

We found that coumaromethacrylate (CMA) monomers, shown in Figure 1,
copolymerize by free radical initiation with methyl methacrylate (MMA) and
t-butyl styrene (TBS) monomers to yield high molecular weight copolymers.
Other chromophores, shown in Figure 2, were chemically attached to a preformed
copolymer of styrene and acrylic acid (PSAA), Joncryl 67, obtained from Johnson
Wax Specialty Chemicals, Racine, WI. The dye-substituted polymers were purified
by preparative gel chromatography to remove unreacted monomers and chromo-
phores. Synthesis of the chromophores will be published elsewhere.

CMARA CMANB
0 6) ™
Hsc ‘Gcrfat, Hacj\n’ ‘(‘CHJ
Figure 1. Coumaromethacrylate (CMA) monomers (where n = 2, 3, or 5).

H,C—/ (AB) H c—/ (BA)

Figure 2. Azobenzene (AB) and benzylidene aniline (BA) chromophores.

Polymers were characterized by differential scanning calorimetry (DCS),
proton nuclear magnetic resonance (NMR) spectroscopy, and ultraviolet-visible
(UV-VIS) spectroscopy. Films of these polymers were deposited on glass slides by
spin-coating or dip-coating techniques.

The pendent chromophores were oriented by corona-onset poling of the
films at temperatures above the glass-rubber transition. The glass slide, polymer
side up, was placed on an horizontal cathode (an aluminum plate), which in turmn
rested on a hot plate. The anode, a thin tungsten wire, was placed about one
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Figure 3 shows typical absorption spectra for a coumaromethacrylate-MMA
copolymer.
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Figure 3. UV/Vis spectra of PMMA-PCMA.

Figure 4 shows the normalized SHG signal of a NLOP as the film is heated
again from room temperature. The second harmonic signal is a sensitive measure
of the average orientation of the chromophores. At a temperature about 40°C
below the Tg. the chromophores relax noticeably in 30 minutes. Complete
relaxation occurs in 30 minutes when the temperature is 40°C above the Tg. The
relaxation of polymer-bound chromophores is much slower than that observed
for guest-host systems in which the chromophore is dissolved in (but not chemi-

cally auached to) the polymer as other researchers have already reported.4.5

1
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.(f.:._: u o film poled at
= 4 15526
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Ee | o] 0]
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Figure 4. Aging of poled PMMA-PCMA film.
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MOLECULAR DESIGN OF POLYMERIC LIQUID CRYSTALS WITH LARGE OPTICAL XZS

Rolfe G. Petschek
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Cleveland, OH 44106-2624

ABSTRACT

Most monomeric and polymeric liquid crystals contain conjugated rings
which are expected to have large non-linear optical polarizabilities. How-
ever all known non-chiral 1iquid2crystalline phases have symmetries which
are inconsistent with non-zero X“'s. A1l known cgiral liquid crystalline
phases have symmetries consistent with non-zero X“'s. These, however, are
generally very small, presumably because there is relatively little coupling
between the chiral groyp and the optically important group. The design of
materials with large X“'s can therefore follow three distinct paths: design
of non-chiral materials which will have phases consistent with X¢, design
of chiral materials which have significant coupling of the chiral nature of
the material to the optical properties, and design of materialg which are
easily polarizable into and frozen into phases with non-zero X¢. Each of
these possibilities will be discussed.

A variety of main chain or side chain polymeric liquid crystal structures
which are expected to form phases consisting of three different layers' which
then lack inversion symmetry around the layer normal or long axis of the rod
are discussed. The synthetic and physical issues in forming these phases are
discussed. The nature of possible non-linear optical susceptibilities in
known chiral quu;d crystalline phases is discussed and structures which might
result in large X¢'s for nematic and tilted chiral smectics are discussed.
Finally a polymeric structure which is expected to have a large dielectric
susceptibility along the layer normal in smectic phases is discussed.

1) Petscheck, R. G. and R. M. Wiefling, Novel Ferroelectric Fluids, Phys.
Rev. Lett. 59, 343 (1987).
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ABSTRACT

The use of polymers as materials for nonlinear optical (NLO) applica-
tions is gaining increasing attention, because of the ability to tailor
molecular structures which have inherently fast response times and large
second and third order molecular susceptibilities. Polymers provide syn-
thetic and processing options that are not available with other classes of
NLO materials, as well as excellent mechanical properties, environmental
resistance, and high laser damage thresholds.

In the design and synthesis of NLO materials, liquid crystalline
polymers offer some advantages over other polymer types. Side chain liquid
crystalline polymers are of particular interest due to the ease of synthe-
sis and processing of thsse materials relative to main-chain liquid
crystalline polymers.

Polyphosphazene chemistry represents an excellent opportunity to vary
molecular weight, moleclilar weight distribution and side chain substituénts
in a single polymer system. Synthetic procedures will be presented which
illustrate the wide variety of organic substituents which can be attached
to a common phosphorus-nitrogen backbone, resulting in polymers with a
range of properties. We have demonstrated that thermotropic liquid
crystalline side chain polyphosphazenes can be prepared. Synthetic methods
will be discussed which may lead to new polyphosphazenes with potential for
NLO applications, such as high speed switching, sensors, and eye protection
against low-power lasers.

BIOGRAPHY: Reginald A. Willingham, PhD.
PRESENT ASSIGNMENT: Research Chemist, U.S. Army Materials Technology
Laboratory.
PAST EXPERIENCE: Senior Research Chemist, Dow Chemical Company,
Freeport, Texas, 1982-84.

DEGREES HELD: Bachelor of Arts, Morehouse College, Atlanta, GA, 1975.
Master of Arts, Harvard University, Cambridge, MA, 1977. PhD., Texas A&M
University, College Station, TX, 1983.
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R. A. Willingham, Dr., M. S. Seanett, Dr., and R. E. Singler, Dr.
Polymer Research Branch, SLCMT-EMP
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Watertown, MA 02172-0001

INTRODUCTION

The use of polymers as materials for Nonlinear Optical (NLO)
applications is gaining increasing attention because of the ability to
tailor molecular structures which have inherently fast response times
and provide second-and third-order molecular susceptibilities. Polymers
provide synthetic and processing options that are not available with
other classes of NLO materials, as well as excellent mechanical properties,
environmental resistance, and high laser damage thresholds (1).

In the design and synthesis of NLO materials, liquid crystalline

' polymers offer some advantages over other polymer types. Side-chain
liquid crystalline polymers are of particular interest due to the ease of
synthesis and processing of these materials relative to main-chain

liquid crystalline polymers.

Phosphazene chemistry offers a new approach to the development of NLO
materials and represents an excellent opportunity to vary molecular weight,
molecular weight distribution, and side-chain substituents in a single
polymer system. Phosphazene polymers are inorganic polymers with a
phosphorus-nitrogen backbone and, thus, are unique when compared to
other common polymer systems which nave carbon, oxygen, nitrogen, or
sometimes silicon in the backbone. However, phosphazene elastomers have
been available in commercial form for several years. In addition, other
phosphazene polymers are being developed for various uses, including
fibers, membranes, conducting polymers, and drug-release agents. More
recently, thermotropic, liquid crystalline polyphosphazenes have been
reported (2,3).
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SYNTHESIS

Figure 1 shows the general reaction scheme for the preparation of
polyphosphazenes. We have a two-step process; first, a ring-opening
polymerization to give poly(dichlorophosphazene) which is an inorganic
macromolecule. The next step involves substitution reactions to prepare a
series of hydrolytically stable poly(organophosphazenes). This is an
excellent example of the inorganic macromolecule concept; prepare a
reactive polymer and modify it to produce polymers of interest (4,5).

Thus, from one polymer, a potentially endless variety of different polymers
can be prepared.

Both the phosphazene polymerization process and the substitution
reaction chemistry are important steps in the final determination of
polymer properties. Most work to date has been centered on the uncatalyzed
ring-opening polymerization which produces a high molecular weight
poly(dichlorophosphazene). Various catalyst systems have been developed
which increase the rate and yield in the polymerization process, but
generally this is at the expense of lowering the molecular weight. We have
recently demonstrated (6), however, that under certain conditions, one can
control the molecular weight and molecular weight distribution of
poly(dichlorophosphazenes) in a catalyzed process to give a range of
molecular weights. Thus, it is possible to even further define the
ultimate properties of polymers of interest.

LIQUID CRYSTALLINE POLYMERS

More recent work at MTL has focused on the synthesis and
cnaracterization of side-chain liquid crystalline polyphosphazenes
(2). Liquid crystalline polymers can be prepared in a variety of ways.
The concept of coupling a mesogenic group with a flexible spacer to a
polymeric substrate to prepare side-chain liquid crystalline polymers has
been demonstrated bv Finkelmann and other workers (7). Our approach has
been to attach low molecular weight mesogenic molecules to the phosphazene
(PN) backbone via a flexible spacer group (Figure 2). The mesogenic
molecules that are not liquid crystalline are able to induce mesomorphic
behavior when attached to a suitable substrate. As noted above,
phosphazenes offer a potential advantage in that a variety of different
substituents can be attached to a common substrate to yield a wide range of
materials with different properties.
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Shown in Figure 2 is an example of a phosphazene copnlymer. Small
molacule nucleopniles (R) are substituted on the main chain to ensure
complete chlorine displacement. The preparation of phosphazene
homopolymers with only the flexible spacer/rigid rod groups has also been
accomplished (3,8).

Some examples of pnhosphazene copolymers and homopolymers are shown in
Figure 3. Polymers prepared show thermotropic liquid crystalline behavior.
Mesogens include para-substituted phenylazophenols and para-cyanobiphenol.
Both two-carbon and six-carbon spacer compounds have been prepared.
Polymers have been studied by differential scanning calorimetry (DSC),
optical microscopy, and, in two cases, X-ray diffraction. The nature of
the mesophase(s), mesophase temperature range, and isotropization point are
dependent on the spacer length and type of mesogen. Polymers are hoth
film- and fiber-forming materials and are soluble in common solvents.

MOLECULAR MODELING

4 In addition to polymer synthesis and characterization, we have

., recently begun to evaluate the potential of computer-aided molecular

' modeling as a tool for designing new liquid crystalline polymers and NLO
materials based on phosphazene chemistry. The molecular modeling system
predicts the optimal conformation of molecules and can calculate intrinsic
electronic properties, such as polarizability and dipole moment.
Preliminary results show a correlation between experimental structure data
from one of our polymers and the conformation predicted by the modeling
program. An example is provided in Figure 4. We anticipate that modeling
of the polymers and chromophores will provide insight as to how the NLO
response of these materials can be optimized.

CONCLUSION

Although we have only begun to explore the potential of polyphospha-
zenes as NLO materials, we believe the versatility in the chemistry and 5
the unique phosphorus-nitrogen polymer backbone make this an attractive
system for consideration. We plan to prepare sufficient quantities of
selected side-chain LC polyphosphazenes and other polyphosphazenes with
NLO active chromophores for evaluation in device applications.
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Figure 4. Computer-Generated Representation of a
Liquid Crystalline Polvphosphazene with a
n-Butylphenylazophenoxy mesogen.
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FIGURE 5.

FIGURE 6.

PHOTOMICROGRAPH OF PATTERNED POLYDIACETYLENE L-B FILM (422X)

SEM PHOTOMICROGRAPH OF POLYDIACETYLENE FILM (70 LAYERS OF 75:25)
DEPOSITED ONTO ETCHED QUARTZ LINE PATTERN (1000X)
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CRYSTALLINE AND AMORPHOUS POLYDIACETYLENES DERIVED FROM
LIQUID CRYSTALLINE MONOMERS

Michael A. Schen, National Institute of Standards and Technology,
Polymers Division, Blg.224/Rm.B320, Gaithersburg, MD 20899

For the successful implementation of a second order, x?, or
third order, x*, polymeric nonlinear optical materials into an
electro-optical or integrated optical device, developing
appropriate material processing technologies for device fabricatior
that successfully combines the nonlinear optical performance of the
material with the secondary device performance specifications
becomes a key challenge to the material scientist. To this end,
our work in the area of x’-active materials has focused on
extending the realm of microphases under which polydiacetylenes,
PDAs, will undergo polymerization to high polymer and investigating
novel micromorphologies resulting from these new polymerizations.
It has been found that continuous PDA films may be easily prepared
from previously described liquid crystalline diacetylene monomers®.
Depending on the microphase under which polymerization takes place
and the degree of polymerization, resulting films exhibit
microstructures ranging from pseudo-crystalline to fully amorphous.
These films are currently under investigation for their linear and

nonlinear optical responses.

5 {3s (a)Schen M.A., Proc. SPIE, 824, 93(1987): (b)Schen, M.A.,
Proc. SPIE, 971, 178(1988).
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Processing of Third-Order Polymeric Films for Optical Bistability
M. Druy, L. Domash, Foster-Miller, Inc.
and
P. Prasad, SUNY Buffalo
Abstract

Certain polymeric materials are promising for third-order nonlinear optical
applications such as laser hardening because they possess substantial third-
order nonlinear coefficients at subpicosecond speeds combined with excellent
strength and environmental stability. We present a summary of our research
in novel methods of processing films of three classes of delocalized
conjugated polymer materials: polyphenylene benzobisthiazole (PBT),
polyphenylene vinylene (PPV) and LARC-TP], a polyimide. Data on chi-3,
response speed, and optical quality improvements gained through processing
innovations are presented. Recent progress includes one of the first
demonstrations of purely dispersive optical bistability in a polymer film.
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TITLE: Laser Protection Based on Optical Fibers and Nonlinear Organic Liquids
Lawrence Domash, Dr., Phil Levin, Mr,,Jay Ahn, Dr., Jayant Kumar, Dr.,
Sukant Tripathy, Dr.

ABSTRACT: Nonlinear optical organic liquids based on 2-methyl-4-nitroaniline
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duced. Clark, Andonovic and Culshaw’ modeled dual waveguide devices in which the
nonlinear material in a dual-core optical switch was located contiguous with the cladding, as
shown schematically in Figure 1. A directional coupler is first fabricated which, under low
power conditions, transfers 100 percent of the optical power from fiber 1 to fiber 2. Under
the control of a separate optical pump beam, or else a simple increase in power of the signal
itself, the nonlinear core or cladding index n = n+n,1 (where n_is the linear refractive index)
is modulated sufficiently to alter the coupling ratio between the two fibers. If the coupler
length and power threshold are set correctly, this can cause the signal to exit 100 percent
from fiber 1 instead of transferring to fiber 2, effecting an optically controlled switch. This
class of devices is called nonlinear coherent couplers (NLCC). Figure 2 suggests that a
simple NLCC can in principle be made by immersing a rather ordinary bidirectional coupler
with etched cladding in an index-controlled bath of a nonlinear liquid. Although it is inher-
ently less efficient to locate the active nonlinear material in the cladding than in the core, this
can be compensated by large n, values, long path lengths, and very accurate index control of
the nonlinear cladding element. The goal, in developing such a switch, is subpicosecond
speed combined with a power threshold for switching on the order available from diode
lasers, 10 to 100mW.

reduced cladding core

/nn”ﬂ[][lnt: i m|||l[]llnm-: o e
d:at:nal i ] ;/
= - i .
/ c/ontrol
nonlinear matrix, signal

index matched to cladding

Figure 1. The Nonlinear Coherent Coupler, NLCC







contribution over that of the cladding, the effect of a nonlinear liquid bath is essentially to
enhance the performance (i.e., reduce the power threshold for switching), which is already
present due to the small nonlinearity of the glass core.
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Figure 3. Signal Fraction Exiting Fiber 1 as a Function of Input Power

4. Characterization of Orgznic NLO Materials

Commercially available 2-methyl-4-nitroaniline (MNA), primarily known as a second
order material®, was selected for the preliminary demonstration of all-optical switching using
NLO solutdons. MNA also exhibits considerable third-order nonlinearity, whose high speed
nonresonant nonlinear index of refraction (n, = 25.0 x 10"""esu) is 2 to 3 times greater than
that of silicon or p-nitroaniline®. Exceptionally high solubility of MNA in polar solvents
allows a wide range of refractive indices to be available. MNA also provides a wide range of
transparent window (from mid visible to near infrared) where optical losses are minimal
(Figure 4).

Solubilities of MNA in various solvents (HPLC grade) at room temperature were meas-
ured for the range of refractive index available (Table 1). Variation of refractive index of the
MNA solution in various solvents at 20°C as a function of concentration wus obtained using
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an Abbe refractometer as shown in Figure 5. The thermal fluctuation of the retractive index
in MNA-saturated solutions measured at 15°C and 25°C is tabulated in Table 2. Change of
refractve index resulting from temperature variation turned out to be approximately 0.0004/
'C, so that it is essential to control the solution temperature to better than #0.1°C in this
experiment in order for only electronic nonlinear refractive index change to be effective.

As a result, the refractive index can be tailor-made to the desired value by varying one or
more of the following factors; (a) concentration of the NLO material, (b) solution tempera-
ture and (c) solvent type. It is true that the higher the number density of the NLO molecules
in solution, the larger the nonlinear effects are. In practice, however, not only nonlinearity
but optical loss, solvent volatility, stability of polymeric components in the device assembly,
such as epoxy encapsulant and so on, must be taken into account. Consequently, nonvolatile
propylene carbonate (PCB) was selected as the best choice for the test solvent in which
epoxy encapsulant was found very stable for long periods of tire.

Table 1. Solubilities of MNA in Dimethylformamide (DMF), P-dioxane, Propylene Carbon-
ate (PCB) and Tetrahydrofuran (THF) at Room Temperature

SOLVENT SOLUBILITY
(grams/liter) DMF

DMF 527

p-DIOXANE 261

PCB 15

THF 349

Table 2. Thermal Fluctuation in Refractive Indices of MNA Saturated Solutions

REFRACTIVE INDEX
SOLVENT 15°C 25C
DMF 1.5660 1.5613
p-DIOXANE 1.4766 1.4725
PCB 1.4580 1.4546

THF 1.4954 1.4817
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In MNA solution, excellent transparency is observed for the wavelength of 450 nm
through near infrared with an absorption peak at 380 nm as shown in Figure 4.

A number of organic NLO molecular systems have been designed and synthesized in our
laboratory®, which are expected to possess significantly larger third-order nonlinearity than
MNA. Polymerization of these molecules may result in soluble materials with significantly
large nonlinear optical properties. Eventually, these new NLO materials are expected to
improve the device performance by at least an order of magnitude leading to a switching
power threshold of less than 100 mW.

5. Preliminary Experiments

As a preliminary test, we have constructed a device as shown in Figure 2, have developed
a high precision laboratory method of matching liquid indices to glass cladding, and have
demonstrated modulation of the probe beam by a pump beam at low speed using thermal
effects. This demonstration, which has been carried out with thermal changes in the index of
refraction of the surrounding liquids, gives some indication of the dynamics to be expected
from electronic nonlinearities of the NLO solutions in subsequent experiments.
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Nonlinear Coherent Couplers
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mode coupler and NLO liquids. Thermal modulation of an input signal has been demon-

strated with this apparatus. Subpicosecond all-optical switching using organic NLO solution
(e.g. MNA/PC), including new NLO materials synthesized in our laboratory, is now under

investigation for enhanced switching efficiency.
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Polymer dispersed liquid crystal films and their nonlinear optical response

P. Palffy-Muhoray, J. Kelly, Michael A. Lee, J.L. West',

B.J. Friskent. J.Y. Kim, and I1.J. Yuan

Liquid Crystal [nst.it.ul.et and Department of Physics
Kent State University, Kent, OH 44242

Polymer dispersed liquid crystals are composite materials consisting of inclusions of
liquid crystals dispersed in a polymer binder. In this paper we report studies of optical field
induced effects in these materials. We report observations of scattering by these films induced
by the field of a CW Art laser through both reorientation and thermal effects. A simple
theory is given to assess the relative contribution of these two mechanisms, and experimental
results are compared with the theoretical predictions.

L INTRODUCTION

Polymer dispersed liquid crystal (PDLC) films consist of liquid crystal droplets
dispersed in a polymer binder. The liquid crystal is usually dispersed in the form of nearly
spherical inclusions with diameters ranging from 0.1 to 10 ym. The mechanism for forming
these droplets is phase separation of an initially homogeneous polymer-liquid crystal mixture.
The phase separation mechanism, induced by polymerization, thermal quenching or solvent
evaporation, has been described in detail elsewhere’.

The optical properties of the PDLC films are sensitively dependent on the differences
between the refractive index of the polymer binder and the refractive indices of the liquid
crystal. In its normal state, the typical PDLC should be viewed as a collection of nonabsorbing
birefringent liguid crystal droplets, nearly equal in size (+£10%) and approximately spherical in
shape, randomly distributed in a transparent isotropic polymer host.  Typically ten to thirty
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solution, and pressed to contact the glass spacers forming a film with given thickness. The
plass sandwich is placed in an oven at a fixed temperature until phase separation and
polymerization are complete. Typical samplet thicknesses are in the range of 10-40um, and the
curing temperatures are 60-75°C. A scanning electron micrograph of such a PDLC film is
shown in Fig. 2.

Fig. 2 Scanning electron micrograph of a PDLC film. The left and right panels
are in plane view and edge view, respectively.  The scale bar is 10 ym

long.
3. NONLINEAR RESPONSE IN LIQUID CRYSTALS

The dielectric tensor ¢, ; of liquid crystals depends on both on the degree of orierfitional
order and the local direction of molecular orientation. It is customary to characterize nematic
order by the order parameter tensor Q,; defined by

Q.,=S‘ "%‘(3“-‘";' "'5-',') (1)

Here S is the scalar order parameter, and n; are the components of the director fi. The
dielectric tensor is then related to the order parameter tensor by

€ +2£_L
t.j :(”—3—-*—)6‘-1— + ':'2;"‘('-"' i fJ_) Qu’j (2)

where ¢, and ¢ | are the principal values of ¢;; parallel and perpendicular to the local
symn:etluf axis , respectively. Because Lhe scalar order parameter S and molecular director i
depend on the applied field E , so does the tensor order parameter Q,; and dielectric constant
€;; - We expand Q;; in powers of E,

Qij=2a;; + bjj ELE + - - (3)

and it follows that the lowest order orientational contribution to the third order susceptibility is
given by
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x( ).-,-u = -5 De by (4)

where Ac¢ = ¢ I~ € is the dielectric anisotropy.

In the presence of both an AC electric field at frequency €2, and an optical field at
frequency % dominant contributions to the third order optical susceptibility are the AC Kerr
effect ' 7'(—w; w. 2, —Q) and the optical Kerr effect x : (—w; w, w, —w). In bulk
PDLC films, these )(( 3 processes give rise to the field induced changes in the transmittance due
to scattering.

4. DROPLET REORIENTATION MODEL

We wish to describe the reorientation process of a confined liquid crystal droplet due to
an applied electric andfor an optical field. In such a system there are a number of competing
effects that determine the overall orientation of a droplet. First, interactions at the liquid
crystal - polymer interface usually favour alignment such that the director field is in the bipolar
configuration. The droplets are not perfectly spherical, and to first order may be assumed to be
ellipsoidal. Elastic torques arising from the eccentricity of the droplet shape tend to keep the
direction of average orientation parallel to the long axis of the ellipse to minimize curvature
strain. Second, applied fields exert a torquewhich tends to reorient the director. In the case of
low frequency AC (or DC) fields, the alignment can be parallel or perpendicular to the field,
depending on the sign of the dielectric anisotropy. Third, optical fields tend to orient the
director along the direction of polarization, due to the positive refractive index anisotropy. We
consider a simple model'® where the configuration of liquid crystal in an inclusion is described
by the droplet director N, the direction of average orientation of molecules in the droplet. We
assuine that each cavity is ellipsoidal with eccentricity § and symmetry axis I. If the applied
AC field Eac and the optical field E ¢ are perpendicular, then the a\mrage free energy density
due to the contributions of elastic torques and external fields can be written'? as

—g—mz—(N-i)’-—(-%’;c-)."(ﬂ'Ei«.c)z—%,“Cz'l::opt.)2 (5)

where I= %fochptz is the intensity of the optical field, c is the speed of light,

e 2 5D K 172
=g k! (6)

[ e 62Kt ("-)
°” 2R’ An

K is the average elastic constant, 1/ Reff is the effective curvature of the director field,
Ln = n” —n, is the refractive index anisotropy. The characteristic intensity I, and the




field Eo are obviously material properties. We assume that the orientation of | is randomly
distributed in the PDLC films.

To characterize the change in scattering of a PDLC film induced by the optical field of
a laser, both heating and reorientational effects must be considered. We have separately
characterized these phenomena in the absence of other applied fields.

For refractive index matched PDLC films, the scattering cross section is negligible when
droplets are oriented with N along the direction of propagation of light, but is large otherwise.
To a good approximation, the total scattering cross section is given by

0‘=3G"°(N'E°pl)2 (S)

where o is a material constant which depends on the refractive index anisotropy, An, and the
refractive index of the host polymer. Since there is some contribution from multiple scattering,
7o may be thought of as an effective scattering cross-section which is not stricly independent of
the density of droplets. The transmittance of a PDLC film with droplet number density p and
thickness d is then

-p3ep<(N-B, ) >d
t=e 4 o (9)

where the average < > denotes the volume average over all droplets in the sample. When
the liquid crystal in a PDLC film is heated into isotropic phase, the corresponding transmittance
is that of a collection of isotropic spheres with cross-section % that is,

_e—P"’id

4= (10)

The usual eletro-optic effect in PDLCs as reported by Doane et al.® is shown in Fig. 3.
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Fig. 3 Sample transmittance as a function of applied voltage. The symbol O
corresponds to increasing and + to decreasing applied voltage.
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This figure gives the sample transmittance as function of applied voltage at the fixed
temperature T=22 °C . As can be seen from Fig. 3, the sample is opaque before the
application of a voltage or when the applied control voltage V. is well below the threshold
voltage V,,.  After increasing the applied field so that V¢ V,,, the nematic director, and
lience N, the average direction of orientation in each droplet, aligns essentially parallel to the
field. The sample (an index matched PDLC film) is transparent in this configuration as shown
in Fig. 3.

Because the refractive indices of the liquid crystal, and, to a lesser extent, that of Lhe
polymer vary with temperature, the amount of light scattered by the sample shows a
dependence on temperature. This effect is particularly pronounced in the vicinity of the
nematic-isotropic transition of the liquid crystal. The transmittance of the sample without any
applied field is shown in Fig. 4 as a function of temperature.
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I
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v ]
3]
a
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=
E 4 increasing temperature
g ¥ decreasing temperature
o
~ 0.0 v - -
A 40 60 80
Temperature (°C)
Fig. 4 Transmittance of a PDLC sample as a function of temperature.

The sample transmittance is low at low temperatures where the liquid crystal is in the nematic
phase, due to the large average scattering cross section of the randomly aligned droplets. Above
the nematic-isotropic temperature the transmittance increases, due to the small refractive index
difference between the polymer and the liquid crystal, the scattering cross section of the droplets

is reduced.

5. OPTICAL POWER LIMITING

There are two forms of optical power limiting behaviour which have been studied in
PDLCs. The first employs the well known electro-optic effect, while the second involves
switching phenomena using only optical fields.

a. Active Feedback Type

We have previously described n an OPL configuration of a PDLC which relies on an
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optical sensor to control an AC driving voltage. The schematic diagram of the active feedback
experiment system is shown in Fig. 5.

50-50 sample

attenuator 8@  PDLC film detector 2
splitter H
laser }«-"—B ----- Prenee iy - >
{ Pout
YPin
7 Ve
detector 1 e Vp
teedback
Fig. 5 Schematic of the experimental arrangement for active feedback type
optical power limiting.

The intensity of the transmitted light is measured by a photodiode. The feedback circuit

generates a voltage which is a linear function of the photodiode amplifier output, and this
voltage is used to modulate the output of a signal generator. The 1 kHz sinusoidal output of
the signal generator is applied to the sample cell via a step-up transformer.

The nonlinear dependence of the transmittance on the applied voltage V¢ is
responsible for the characteristic nonlinear response of the system in the presence of linear
feedback. The power transmitted by the sample is P =t P, , where t is the transmittance
and P, is the incident power.

The output voltage of detector 2 is proportional to P, ,, and the voltage across the
cell is a linear function of the detector output so that

Ve=Vo+GtP, (11)

where V, is the offset and G is the gain of the feedback circuit. A very nearly ideal OPL
action is obtained withnegativefeedback (G <0) as shown in Fig. 6. For low incident intensities,
V. and hence t are essentially constant, and P, is proportional to P, . As the incident
power is increased, V¢ decreases, reducing the transmittance and giving rise to optical power
limiting behavior. By varying the feedback parameters, the characteristics of this behavior may
be modified. For example, increasing V, increases the range where P . is proportional to
P. , while changing G simply scales Pin and P . , leaving the response otherwise
unchanged. We have found this process to be easily achieved with response times on the order
of one millisecond. Similar feedback effects have also been observed by others'?.
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Fig. 6 Measured responses of the active power limiting system with different feedback
parameters.

b. Passive Type

An alleoptical OPL offers not only simplicity of design, but potential for faster response
times as well. We have previously described® one arrangement where a PDLC with a stabilizing
AC field was switched from a transparent to a scattering state. The experimental arrangement
of the passive optical power limiter® is shown in Fig. 7. A CW Ar" laser was used as the |
pump beam and the sample transmittance was monitored using a 10 mW He-Ne laser. The
beam of the Ar™ laser is controlled by a pulse generator driven shutter, and is focused to a
beam radius of 95 pum at the sample.

The sample transmittance for vertical and horizontal probe beam polarizations is shown
as a function of the pump beam intensity in Fig. 8. The optical limiting behavior of these
systems comes from both field induced reorientation of the liquid crystal in the sample and laser
heating. Optical field induced reorientation produces an index mismatch and thus reduces the
transmittance. Laser heating will change the inherent birefringence and eventually cause a
phase transition of the liquid crystal from the nematic into the isotropic phase with a resulting
increase in the scattering cross section. Power limiting behaviour by PDLC films have also been
observed by others'®; there the mechanism was attribued primarily to thermal effects.
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6. OPTICAL REQRIENTATION vs. THERMAL EFFECTS

In order to characterize the relative contributions of optical reorientation and thermal
effects, we have carried out detailed measurements of transmittance for two different geometries
without any applied electric field. When the applied voltage V. =0, the transmittance of a
PDLC sample for parallel and perpendicular polarizations (the polarization of probe beam
relative to that of pump beam) are

—pl3o,<(N-E ) >d
b= . ons (12)

and
—poa3 <1 —(N-Eyp ) >d
t, =e = (13)
At low pump beam intensities tlie droplet directors are random, and t, =t ,. It is expected that,
with increasing intensity I, tl& will decrease while t will incr if the only effect of the

pump beam is the reorientation 'of the droplet directors.

Fig. 9 shows the measured transmittance t" and t) of the sample as a function of

the Ar™T laser intensity.
0.80

x probe beam parallel to pump beam

1 + probe beam perpendicular to pump beam

0.60-

Transmittance

0.0 NB0. 1 0. 9000 F 800N v d 400
_Ar* Laser Intensity (kW/cm®)
Fig. 9 Laser induced transmittance as a function of pump beam intensity for two

different geometries.

The difference between t;, and t, shows the existence of optical field induced reorientation;
while the observed increzu)e (insteé of decrease) of t,, with increasing pump beam intensity
shows the existence of considerable laser heating. IllLreasing the temperature of the liquid
crystal decreases the degree of orientational order. This reduces the birefringence, as well as the
values of the elastic constants. The scattering cross-section of the droplets is therefore reduced
due to changes in the refractive indices of the liquid crystal, as well as due to changes in the
director field configuration. The detailed temperature dependence of the scattering cross section
is difficult to calculate; however, we infer from Fig. 4, that the dominant effect is the change
associated with the nematic-isotropic transition.




[n order to separately assess the effects of laser induced reorientation and laser heating.
we niake the simplifying assumption that the sole effect of laser heating is to transform the
rematic liquid crystal in some fraction y of the droplets into the isotropic phase. In this case,
the transmittance for light polarized parallel and perpendicular to the pump beam polarization

“w
e

S =(1=y) p oo (1+2855) d

y=N (14)

and

(=Y e 0N PO (180 e

where the sample order parameter S5 = < P, ( N. Eo t ) > and P, is the second Legendre
polynomial.  Egs. 14 and 15 can be solved at once for y and Sg to give

B0 In_(_(. ) e i i gl :
S )< 4 (16)

% (¢ /ty)

and
l“(t"/LL) !n(tN/ti)

T () /6) m(ty)

(17)

where ty is the transmittance of the unaligned nematic sample; that is, ty = t, = t | when
55=0. The isotropic fraction y and the sample order parameter S5 as function Jl' pump beam
inteusity are shown in Figs. 10 and 11, respectively.
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Fig. 10 Fraction y of isotropic droplets as a function of pump beam intensity.
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Fig. 11 Sample order parameter Sg as a function of pump beam intensity.

1. CONCLUSIONS

We have prepared the polymer dispersed liquid crystal samples and carried out
measurements of the effects of optical fields on the transmittance of PDLC films. The
nonlinear optical responses of PDLC films with or without applied voltage have been studied.
Both optical field induced reorientation of the liquid crystal in the droplets and thermal effects
are found in our measurements. We have proposed a simple formalism to separate these two
effects and found the observed behaviour to be in reasonable agreement with the predictions of
theory.
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Assessment of Internal Electric Fields in Polymer
Films Using Electrochromic Dyes

G.T, Davis, A.S. DeReggi, and N. Tsutsumi‘®’
National Institute of Standards and Technology
Gaithersburg, MD 20899
Polymer films with second harmonic generating properties can be producec

by incorporating NLO molecules (e.g. electrochromic dyes) in the polymer whici.
are then aligned preferentially in a high electric field‘!’. When using
amorphous polymers, the alignment is achieved above the glass transition
temperature and the alignment is frozen in by cooling below Tg. With
semicrystalline ferroelectric polymers such as polyvinylidenefluoride and its
copolymers with trifluoroethylene, internal electric fiFlds created by
preferentially aligned polar crystallites can align the dye molecules in the
non-crystalline regions of the polymer which are above Tg at ambient
temperatures‘?’, We have used measured changes in the UV-visible absorption
spectra of electrochromic dyes in a variety of polymer films to deduce the
internal fields to which they are subjected as well as to investigate the
parameters which influence these fields. Dyes such as 4-dimethyl aminc-4°-
nitrostilbene and 4-amino-4'-nitroazobenzene are particularly useful because
data on dipole moments, transition moments, and directions within the molecule:

have been reported.
(*) Present address: Kyoto Institute of Technology, Kyoto, Japan

(1) K.D. Singer, J.E. Sohn and S.J. Lalama, Appl. Phys. Lett. 49, 248 (19¢&¢

(2) J_R. Hill, P. Pantelis and G.J. Davies, Ferroelectrics 76, 435 (19&7
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1
Tp = lA[—J - Ml — (3)
Vs fundam. di

For example, for an 8 fs pulse at A; = 600 nm and crystal thickness of 200 um, we calculate for

BBaBo Ty, = 10fs and for KDP (commonly used for these measurements) 1:{3 = 1fs. Thisisa
much less severe limitation than that for second harmonic generation.

For crosscorrelations, however, the pulse overlap is affected by the delay due to GVD
between the two different fundamental frequencies. The broadening parameter, which limits the

resolution in a rather complicated way [7] is
dn
-z —| 4
M drl, }

We note that for the special case when pulse 2 is the second harmonic of pulse 1, the
broadening parameter Tp (A, , A, ) is the same as Tp (A, A, /2) given by equation (2). It’s
limiting effect, however, manifests in the crosscorrelation in a more complicated way [7]. This
case is of special interest because ultraviolet femtosecond pulses which are generated by frequency
doubling can be measured only by crosscorrelation with the fundamental. As the curve of Figure 5
shows, extremely short crystals must be used for crosscorrelation measurement of femtosecond

1 1 £ dn
T (%1, ) =& - - Y
i 5t [VS(J\.,) vs(lz) ] c { ld;_

duration pulses.

It is evident from the above discussion that the necessity for extremely thin nonlinear media

for ultrashort pulse nonlinear experiments make poled polymeric films with their high nonlinear
coefficients an attractive alternative. For example, using the known value of X for PBaBo and

the value we measured at A, = 1.06 um for the Disperse Red 1 doped poled polymeric film, we

estimate that a 4 um thick film would give approximately the same amount of SH signal as a
21 pm thick crystal of BBaBo. In the above estimate, we assumed that BBaBo is phase matched,
but that in the 4 pm thick film phase mismatch can be ignored. We also ignored absorption losses
in the film. Given the low cost and ease of making poled films, it is clear that they may be suitable
for some ultrashort pulse applications.













peaks. As a result of these favorable characteristics, our research group is currently pursuing
CMMA/PMMA for ultrashort pulse applications.

(1]

(2]

(3]

(4]
(5]

(6]

(7]
(8]

(9]
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Figure 1
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Experimental arrangement for COPET poling with wire electrode.
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Figure2  The second harmonic Xarr /%> quartz for COPET poled PMMA/DRI films as a
function of time.
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Figure 3 Geometry of SH generation in poled films. A P-polarized field is incident at the
angle 6 (Brewster angle). The arrows represent the dye molecule dipoles.
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quartz plate.

98




1400

£ 1200 |
i o
1000 |
< .
e
ir?soo-
&400;.
a !

=
200 |

D A 1 " 1 5 N

0.6 0.8 1.0 1.2
l,(pm)

o
F-y

Figure 5  The broadening parameter t(A;, A,)/2 for BBaBo for the case when A, = 4,/2.
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Schematic for nonlinear correlation measurements of ultrashort pulses.
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Figure 8
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Experimental configuration for collinear SHG autocorrelation using a polymetric thin
film.
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Figure 9 Autocorrelation traces using the film sample as SHG material. (a) Undamaged
sample. (b) Damaged sample.
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Figurz 10  Absorption spectrum of COUM/PMMA copolymer film spin coated onto a quartz
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